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self-termination; dynamical instability; tissue size; simulation VENTRICULAR FIBRILLATION (VF) is usually sustained, but episodes of spontaneous termination have been observed (5, 7, 10, 29, 44) and, in the experimental setting, depend on tissue size (15, 23) . Atrial fibrillation (AF) is classified into three subtypes (2): 1) paroxysmal, i.e., AF that terminates spontaneously after no more than a few days; 2) persistent, i.e., AF that does not terminate spontaneously but can be cardioverted to sinus rhythm electrically or with use of antiarrhythmic drugs; and 3) permanent, i.e., AF that cannot be converted to sinus rhythm. Spontaneous termination of AF is widely observed (21, 54) . Ninety years ago, Garrey (15) observed that persistence of fibrillation depended on tissue mass and form, leading to the well-known "critical mass hypothesis." Zipes et al. (60) showed that VF terminated when a critical amount of tissue was depolarized in dog ventricles. Recent clinical studies have also shown that termination of AF by drugs (25) and ablation (6, 26) depends on the size of the left atrium. On the basis of spiral wave reentry theory (4, 43) , if fibrillation is due to or driven by a stable spiral wave (rotor), such as in the "mother rotor hypothesis" (59) , only a critical size corresponding to an area slightly larger than the spiral core will be required to sustain fibrillation. In other words, as long as the tissue size is larger than the core of the stable rotor, the arrhythmia is sustained and will not self-terminate. If the arrhythmia is due to spiral wave meander or breakup caused by dynamical instabilities (43) , as described in "multiple-wavelet hypothesis" (30) as "irregular wondering of numerous wavelets," a much larger critical size is required for sustained fibrillation.
Effective therapies must prevent arrhythmia initiation or terminate the arrhythmia quickly after initiation. Therefore, understanding the mechanisms of arrhythmia termination could potentially be as important as understanding the mechanisms of initiation. Despite the widely observed spontaneous termination of arrhythmias in atria and ventricles, few studies have been carried out to address the determinants of persistent vs. self-terminating arrhythmias. The widely accepted theory based on the critical mass hypothesis and the multiple-wavelet hypothesis is that maintenance and self-termination of arrhythmias are regulated by the wavelength relative to tissue size. Other factors, such as dynamical instability, tissue heterogeneity, and tissue geometry and structure, have not been comprehensively investigated. In this study, computer simulations of two-dimensional (2-D) and three-dimensional (3-D) tissue models were used to investigate how dynamical wave stability and tissue geometry regulate self-termination of cardiac fibrillation. In 2-D tissue, phase I of the Luo and Rudy (LR1) action potential model (28) and a two-variable model developed by Bär and Eiswirth (4) for a generic excitable medium (Bär model) were simulated. In 3-D tissue, only the Bär model was simulated. The rationale for using the simple models is as follows: 1) The goal of this study is to qualitatively understand the effects of dynamical instability and tissue properties on maintenance of fibrillation, rather than to quantitatively compare simulation with real fibrillation.
2) The use of simple models allows us to carry out a large number of simulations to evaluate statistically the average duration of fibrillation in a relatively large tissue. The conclusions from these simple models provide a theoretical basis for future quantitative studies, with more realistic action potential and tissue models used as tools to illuminate experimental observations in intact atrial and ventricular tissue.
METHODS

Mathematical Model
A homogeneous 2-D tissue model with the LR1 ventricular action potential model (28) was simulated by using the following differential equation with no-flux boundary conditions ‫ץ‬V ‫ץ‬t
where V is transmembrane potential, C m ϭ 1 F/cm 2 is membrane capacitance, and D is diffusion constant, which was set to 0.001 cm 2 /ms. Iion is the total ionic current density of the membrane from the LR1 model. In this study, we used G Na ϭ 16 mS/cm 2 and G K ϭ 0.423 mS/cm 2 , and most of the simulations used G si ϭ 0.052 mS/cm 2 (where G Na, G K, and G si represent mean Na ϩ , K ϩ , and slow inward current conductance, respectively). Other parameters are the same as in the original LR1 model (28) . At this parameter setting, the baseline conduction velocity is 0.55 m/s, action potential duration (APD) is shortened to 200 ms from 360 ms in the original model, and the APD restitution curve is similar to those measured from animal experiments (17, 33) . One important consequence of this modification is that spiral wave breakup leading to spatiotemporal chaos or multiple-wavelet fibrillation occurs in homogeneous 2-D tissue with an average cycle length of 103 ms (41, 43) . To simulate an obstacle in the homogeneous 2-D tissue, a circular area was electrically disconnected from the other area by setting D ϭ 0 in the circular area. This is equivalent to a circular hole in the center with no-flux boundary.
Homogeneous 2-D and 3-D tissue models with a two-variable model developed by Bär and Eiswirth (4) for generic excitable medium were simulated with the following differential equations
where u and v are variables ranging from 0 to 1 and f and g are functions
Arbitrary units were used for the parameters and variables; a and b were fixed at 0.84 and 0.07, respectively. Figure 1A shows a singlecell action potential and a spiral breakup snapshot in tissue for ⑀ ϭ 0.075. The average cycle length during breakup is 5.4.
Numerical Methods
A previously developed numerical method (38) was used with a time step adaptively varying from 0.02 to 0.2 ms and fixed space step 
APD Restitution
APD restitution is defined as the present APD as a function of the previous diastolic interval (DI). APD is defined as the duration of V greater than Ϫ72 mV and DI as the duration of V less than Ϫ72 mV. APD restitution was measured in a 2-cm one-dimensional cable with a regular S1 pacing train of 500 ms followed by a premature S2 at one end of the cable.
Fibrillation Duration
Initial conditions of multiple spiral waves were used and randomly perturbed to give rise to nonsustained fibrillation with different durations. For the LR1 model, V was perturbed as V͑x,y,t ϭ 0͒ ϭ V 0 ͑x,y͒ ϩ 0.8͓V 0 ͑x,y͒ ϩ 80͔͓͑x,y͒ Ϫ 0.5͔ (4) where V 0(x,y) is the transmembrane potential of the prestored spiral waves and (x,y) is a uniformly distributed random number in [0,1] for the location (x,y) and only applied at time 0. Similarly, for the Bär model, both variables were perturbed as
Because of the chaotic nature of spiral wave breakup, this perturbation results in very different fibrillation patterns (41) , which then affect T s. Figure 1B shows how such random perturbations cause very different fibrillation patterns in a homogeneous 2-D tissue with the LR1 model. Figure 1C 
Tip of Spiral Wave
Tips of spiral waves were defined as the points at which successive isovoltage lines intersect at Ϫ30 mV measured at 1-ms intervals (40) .
Lyapunov Exponent
The Lyapunov exponent () is a quantitative measurement of dynamical instability that is widely used in nonlinear dynamics (50) . It measures how fast a small perturbation to an equilibrium state or a chaotic attractor increases (if it is positive) or decreases (if it is negative). is mathematically defined as
where ␦X ជ (0) is the perturbation vector to the stationary state and ␦X ជ (T) is the resulting vector at time T. For the Bär model in 2-D tissue, the partial differential equations for the perturbation are 
RESULTS
Effects of Dynamical Instability on Spiral Wave Termination in Homogeneous Tissue
In simulated homogeneous cardiac tissue, dynamical instabilities can cause a spiral wave to break up into multiple irregularly meandering spiral waves (4, 43) resembling the "multiple-wavelet" fibrillation of Moe et al. (31) . In the spiral wave breakup regimen, new waves are constantly created by dynamical instabilities simultaneously with self-termination of existing waves. If the rate of wave extinction exceeds the rate of new wave creation, the fibrillation-like state will persist for a limited period of time before the tissue becomes quiescent (Fig. 2) . There are three ways by which a wave self-terminates ( Fig. 2 ; see also supplemental online video at http://ajpheart. physiology.org/cgi/content/full/00668.2005/DC1): 1) two waves can annihilate each other if their tips collide, 2) a wave can run into a region of refractoriness from a previous wave, or 3) a wave can move off a tissue boundary. These processes are determined by wave stability and are very sensitive to initial conditions and perturbations due to dynamical chaos (41) . Because of the chaotic nature of the wave breaks, T s varies substantially for different initial conditions (Fig. 1, B and C) . In cardiac tissue, previous studies (11, 22, 43, 57) showed that steepness of the APD restitution curve is an important determinant of the stability of spiral waves, such that a steep APD restitution slope generally promotes spiral wave breakup. Figure 3 shows how steepness of the APD restitution curve affects T s . For the steeper APD restitution curve, T s is shorter and wave number is lower, although the baseline APDs are similar for the two cases.
Because of the computational intensity of the LR1 model, its dynamics cannot be analyzed quantitatively; therefore, we simulated the simpler Bär model in 2-D tissue to probe the relation between dynamical instability and the spiral breakup transient T s in excitable media more generally. We calculated for different ⑀ in the breakup regime, which increases as ⑀ increases (Fig. 4A) . We also calculated T s vs. ⑀ for 24.5-and 26.25-cm 2 tissue, which decreases as ⑀ increases (Fig. 4B) . The plot of T s vs. the reciprocal of (Fig. 4C) shows a linear relation for both tissue sizes, i.e., T s ϰ 1/. This finding indicates that as the degree of instability increases (i.e., as increases), T s decreases and self-termination becomes more likely. For the LR1 model, we previously showed that as the APD restitution curve becomes steeper, becomes larger (43), consistent with the results in Figs. 3 and 4 . Because changing a parameter of the system may also change the wavelength and spiral core size, the relation shown in Fig. 4C should not hold for the whole parameter range, rather for small ranges in which changes in dynamical instability are dominant. Indeed, the relation in Fig. 4C holds for the range shown but not for larger ranges of ⑀.
Effects of Tissue Size and Geometry on Spiral Wave Termination in Electrically Homogeneous Tissue
Although the critical mass hypothesis was articulated 90 years ago (15) , the theoretical relation between T s and tissue size and geometry has not been comprehensively analyzed. Here we use computer simulation to study the effects of tissue size, shape, obstacles, and thickness on T s in electrically homogeneous "fibrillating" tissue with multiple spiral waves.
Size and shape. Figure 5A shows T s vs. tissue area for square and rectangular tissues using the Bär model. For both tissue geometries, T s increased exponentially as tissue area increased, except for small tissues, in which boundary effects increased the stability of reentry and prolonged T s , especially for the Bär model. However, for the same total area, T s was shorter in rectangular than in square tissues. If T s was plotted as a function of the area-to-perimeter ratio (Fig. 5B) , then the data points from the two tissue geometries fell on almost the same exponential curve. Similar results were obtained by using the LR1 model (Fig. 5, C and D) . The two key findings are as follows: 1) T s grows exponentially with tissue size, and 2) the area-to-perimeter ratio determines T s in 2-D tissue.
Obstacle. Anatomic obstacles in the heart include the vena cavae and pulmonary veins in the atria and the atrioventricular valves in atria and ventricles. To simulate the effects of these round obstacles on spiral breakup transients, we used a 10 ϫ 10-cm 2 tissue with a circular hole in the center and the LR1 model. In the presence of a hole, T s was much shorter than in square tissue of the same area (Fig. 6A ). When T s was plotted vs. the ratio of area to perimeter of the outer border, T s was still shorter than in a square tissue with the same ratio (Fig.  6B) . However, when T s was plotted against the ratio of area to total perimeter of all borders (outer perimeter ϩ perimeter of the hole), T s was longer than in a square tissue with the same ratio (Fig. 6B) . Figure 6C shows how the obstacle causes spiral waves to disappear. The role of the obstacle is twofold: 1) it provides a boundary with which spiral waves collide and self-terminate, which helps shorten the transient, and 2) a spiral wave can become anchored by the hole, converting unstable functional reentry to more stable anatomic reentry (55), which tends to prolong T s . This latter effect may explain why T s was longer in the tissue with the hole, despite the same area-to-total perimeter ratio as in the tissue without the hole.
In the presence of a hole, the spiral wave breakup transient can terminate into quiescence or into stable reentry around the hole, similar to spontaneous conversion of AF to atrial flutter observed in animals and humans (35, 47) . If the radius of the hole was small (0.5 or 1.0 cm), the tissue became quiescent after fibrillation terminated in all 30 simulations for each radius. For larger (1.5 and 2.0 cm) radii, a single stable reentry wave circulating around the obstacle remained after fibrillation terminated in 5 of the 30 simulations for each radius. In a previous study (55) , we showed that unstable reentry could be stabilized when an obstacle was larger than a critical size, which depended on the degree of dynamic instability and wavelength of the reentrant wave. Conversion to stable reentry occurred when all other waves disappeared from the tissue and the remaining wave drifted to and was pinned by the obstacle.
Quiescence occurred if the last wave drifted to the outer boundary instead of the obstacle. In our simulation, the conversion rate was ϳ20%, which is close to the ratio of the obstacle perimeter to the outer perimeter.
Thickness. To study the effects of tissue thickness, we used the Bär model in homogeneous 3-D tissue, because the LR1 model in 3-D tissue was too computationally demanding. Figure 7 shows that, in a homogeneous 3-D tissue, T s first increased, then decreased to a minimum, and finally increased again as tissue thickness increased. The initial decrease in T s as tissue thickness increased may seem counterintuitive with respect to the critical mass hypothesis that greater tissue mass should sustain fibrillation longer. However, according to our previous studies in homogeneous tissue (39, 42) , new instability occurs when tissue thickness exceeds a critical value. If the thickness is less than the critical value, then reentrant waves synchronize in the direction of the z-axis, forming straight scroll filaments. In this case, the 3-D tissue is equivalent to 2-D tissue, and one would expect T s to be similar to that in 2-D tissue. However, because time is required for the spiral waves to become synchronized in the z-axis, T s increases as tissue thickness initially increases. When the tissue thickness is greater than the critical thickness, reentrant waves desynchronize in the z-axis, forming helical scroll filaments and transmural reentry. In this case, the tissue is no longer equivalent to 2-D tissue. The new instability tends to shorten T s , explaining the T s decreasing phase in Fig. 7 . In our previous study (42) , we showed that the critical thickness was 7.3, which agrees with the thickness at which T s begins to decrease in Fig. 7 . Finally, as tissue thickness increases further, size wins over instability, causing T s to increase again.
DISCUSSION
In this study, we used computer simulation of 2-D and 3-D tissue with simple action potential models to study the role of dynamic factors, in relation to tissue size and geometry, on spontaneous termination of cardiac fibrillation. The major findings from these computer simulations are as follows: 1) Dynamical instability promotes wave breaks, maintaining fibrillation, but it also causes waves to extinguish, facilitating spontaneous termination of fibrillation. The latter effect predominates as dynamical instability increases, so that fibrillation is more likely to self-terminate in a finite-sized tissue. Because of the chaotic nature of the wave breaks, T s is sensitive to initial conditions and perturbations. T s decreases as reentrant waves become more unstable. 2) In 2-D tissue, T s increases exponentially as tissue area increases. In 3-D tissue, T s decreases initially as tissue thickness increases because of thickness-induced instability but then increases after a critical thickness is reached. Therefore, in addition to tissue mass and geometry, as posited by the critical mass hypothesis, our findings indicate that dynamical instability is also an important factor in self-termination of cardiac fibrillation.
Dynamical Instability
In cardiac tissue, a steep APD restitution slope is an important cause of dynamical instability (11, 14, 16, 22, 27, 43, 45) , but other causes, such as intracellular Ca 2ϩ cycling, may be also important (8, 13, 37, 43, 49, 53) . In the present study, we investigated the APD restitution slope as a convenient tool to modulate dynamical instability and analyze the effects on the spontaneous termination of fibrillation. We found that, in addition to its role in creating new waves that maintain multiple wavelet fibrillation, a steep APD restitution slope also enhanced the destruction of existing waves, promoting the self-termination of fibrillation in tissue with finite size and simple geometry. The simpler Bär model, in which dynamical instability is produced by a mechanism that is different from the APD restitution slope, allowed us to analyze the dynamics in more detail than was possible with the LR1 model. Most importantly, the similar findings suggest that our results represent generic effects of dynamical instability rather than specific effects related to a particular instability mechanism. On the basis of this reasoning, we believe that dynamical instability caused by other mechanisms, such as intracellular Ca 2ϩ cycling, will yield similar results. However, this conjecture needs to be substantiated in more detailed models in which intracellular Ca 2ϩ cycling dynamics are realistically incorporated.
Tissue Size and Geometry
The critical mass hypothesis posits that a critical tissue size is needed to support fibrillation. Garrey (15) observed that persistence of fibrillation is "directly proportional to the size of the tissue mass," but he also noted that "form is important." Our simulations show that T s increases exponentially with tissue size but also depends on the tissue form. There are several ways to increase effective tissue size. 1) The actual physical tissue size can enlarge via hypertrophy and chamber dilatation. 2) Shortening of the refractory period due to remodeling shortens the wavelength, so that reentrant circuits require less tissue space. 3) Cell decoupling due to structural remodeling of gap junctions further decreases wavelength. Cell decoupling may be very effective in initiating and maintaining fibrillation (34) . For example, if the gap junction conductance is reduced fourfold, a 10 ϫ 10-cm 2 tissue becomes equivalent to a 20 ϫ 20-cm 2 tissue, and T s will increase from 3.5 to 20,000 s (Ͼ5,000 times) on the basis of Fig. 5C . Cell decoupling widely occurs in atrial remodeling (1) and in postinfarct remodeling and hypertrophy (3, 36) , which, combined with the electrical remodeling, may substantially enhance the persistence of fibrillation.
A nonintuitive result from our simulation is that T s did not increase simply with tissue thickness, which seems to be contrary to the critical mass hypothesis. 1) In 3-D tissue, the reentry exists as scroll waves. To terminate, the filament of the scroll wave, not just the spiral tip, must disappear. Therefore, thickness per se should not enhance the maintenance of fibrillation. 2) Thickness induces dynamical instability, which helps terminate fibrillation. In addition to tissue thickness, our simulations show that tissue geometry is also important. This could be one factor that makes AF much more likely to self-terminate than VF, because the atria have a much lower area-to-perimeter ratio due to various veins and other structures that increase the border perimeter. These results also support the rationale for the radio-frequency maze procedure and radio-frequency ablation strategies (12) in the treatment of AF. In the latter setting, our findings suggest that, in addition to ablating possible focal sources, ablation lines, which decrease the area-to-perimeter ratio, will contribute to prevention of sustained AF. However, the topology of the ventricles is very different from that of a 2-D or 3-D slab, and how it affects the maintenance of fibrillation is not clear. The conclusion that T s increases exponentially with tissue area or area-to-perimeter ratio from simulations of 2-D and 3-D slabs may not be applicable to the ventricles. In fact, the less frequent selftermination of VF than AF may be due to larger tissue mass as well as more complex 3-D structure and topology. Computer simulations of a realistic (57) or a simplified (46) ventricle model are necessary to understand how dynamical instability interacts with the topology of the ventricles in the maintenance of fibrillation and to validate whether conclusions from simulations of 2-D and 3-D slabs are still valid.
Limitations
Primarily because of computational constraints, we used relatively simple action potential and tissue models, rather than a physiologically detailed late-generation action potential model (20, 24, 32) or an anatomically realistic tissue model (18, 46, 52, 57) . These simplifications may affect the results and conclusions drawn from our simulations. 1) The LR1 model does not take into account Ca 2ϩ cycling dynamics. Ca 2ϩ cycling dynamics can also create dynamical instabilities (8, 13, 37, 49) , which may be very important for the maintenance of fibrillation, as demonstrated in the atrium (9, 19) . 2) We used simple 2-D and 3-D monodomain tissue models, which are much simpler than the bidomain structures and geometries of the real atria and ventricles, which in turn may affect the spiral wave dynamics (18, 46, 48, 52, 57) and the maintenance of fibrillation. Our observation that T s is determined by area-toperimeter ratio was based on 2-D rectangular tissue geometries. We believe that this is an important observation, but exactly how it applies to complex geometry is not clear. However, simulations at this level of detail are computationally costly, making statistical evaluation of T s impractical. 3) We did not take into account the electrical heterogeneities that induce spiral wave drift (51), frequency competition (58), and mother rotor fibrillation (56, 59) . The first two effects may help terminate fibrillation, but the third effect facilitates maintenance of fibrillation. Because, for simulated multiple-wavelet fibrillation, addition of electrical heterogeneity into the tissue model also changes dynamical instability, we were not able to isolate the effects of electrical heterogeneity on self-termination of fibrillation in the present study. Nevertheless, our study illuminates possible mechanisms for self-termination of fibrillation, which may lead to improved drug-, electrical-, and anatomy-based strategies to terminate cardiac arrhythmias. These findings provide a strategy for further validation in simulation studies with more realistic action potential and tissue models and, ultimately, in tissue experiments.
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